In this work the method of response surfaces was used for the purpose of drawing up a mathematical model for the calculation (forecasting) of the adhesion of a flame sprayed coating of powdered aluminum on S 235 JR steel. Experimental work was conducted according to a fractional central-composite design at three levels. The adhesion of the coatings made with combinations of input parameters of the procedure according to the experiment plan mentioned is measured in line with the EN 582 standard. A mathematical model was derived describing the dependence of the experimentally obtained adhesion values on the input parameters of the procedure. The possibility of analyzing the influence of the parameters on the adhesion for a certain combination of input parameters has been presented with the use of perturbation plots.
Introduction
Thermally sprayed aluminum coatings have been successfully used for decades for the protection of structures in marine environments from atmospheric corrosion, in particular for parts that are submerged and exposed to the impact of the tide in what is called the splash zone (Ref [1] [2] [3] [4] [5] .
The main reason for the interest in this kind of protective coating is the long-term protection it provides for structural elements; when applied properly, it can last even longer than 30 years ( Ref 6) . For the spraying of the aluminum coating, flame and electric arc procedures are mostly used, with which uniform quality coatings, obtained at lower cost than with other procedures, are capable of replacing classical anticorrosion systems in many applications. The sprayed aluminum coating has a rough texture that is suitable for subsequent applications of paint used to fill pores of the open and transitory type and improve the final appearance.
Current trends are changing from the viewpoint of the life of the protection, and a protection time of 50 years without any major unforeseen maintenance is a goal. There are several key areas where improvement is needed: the choice and application of the impregnation coating, the spraying procedures and the optimization of the spraying procedures for each of them (Ref 6, 7) , consumable properties (Ref 8, 9) , and the preparation of the surface (Ref 10) . Although it has been determined that with conventional procedures of spraying it is possible to produce thermal sprayed aluminum (TSA) coatings of satisfactory quality, it is a fact that some situations arise that result in delamination of the sprayed coatings. Such coatings cannot meet the ever more stringent requirements. To be able to influence the quality of the coating during its fabrication, and on adhesion, one of the most important features, an extensive experiment of spraying aluminum onto S 235 JR steel, was conducted with the use of flame spraying equipment (Castolin, model Castodyn DS 8000), while the spraying was carried out robotically with the use of a SCARA robot. Test pieces were taken from the sprayed test samples for examination of the adhesion strength.
Review of Methods for Testing the Adhesion of a Sprayed Coating
Adhesion of coating and substrate is considered the most important property for the exploitation of TSA coatings (Ref 2, 4) . A low adhesion strength leads in time to delamination and the appearance of corrosion in the substrate, which progressively continues to weaken even at places at which the coating has remained well bonded. Guidelines are given for the minimal acceptable values of adhesion for use in shipbuilding ( Ref 1, [3] [4] [5] .
The bonding of an aluminum coating to steel is mostly based on mechanical anchoring. Because of the great speed at which the particles cool, which is more than 10 6°C /s, appearance of diffusion and metallurgical bonding does not occur, while chemical connections in the form of van der Waals interactions are still more weakly expressed (Ref 2) . With the use of properly chosen process parameters, it is possible in great measure to increase the adhesion between coating and substrate. Although in principle there are differences in the values of adhesion achieved as well as in the microstructures of the aluminum coatings sprayed with flame, electric arc, and high-velocity oxyfuel (HVOF) procedures (Ref 6, 7) , greater differences in the properties of the sprayed coatings are obtained as a consequence of improperly chosen process parameters or their instability because of poorly chosen operating window of the process than among the mentioned procedures. Various impurities, porosity, and oxides have a negative effect on adhesion. Nor must the great influence of the preparation of the substrate itself, its roughness, and temperature (Ref 2-5, 10) be forgotten.
Research into the dependence of adhesion of the sprayed coatings on process parameters has over several decades of application been carried out in certain fields , but to this day no sufficiently general mathematical models have been found to describe this connection effectively. Apart from that, the research has often not been comprehensive, and individual research works have not been comparable because of the use of different and/or nonstandard methods of work, because of which there has also been no possibility of supplementation.
The adhesion of coatings may be measured using (Ref This tensile adhesion test is used not only for the evaluation of coating adhesion strength but also for the determination of the suitable surface treatment, especially the substrate roughness of the base material before the coating spraying. The test is further used for the quality control of the sprayed coatings. The basic principles of the tests according to EN 582 are described here; the test samples may be of A or B type (Fig. 1) . In this research of coating adhesion, B type test sample according to EN 582 was chosen.
The tested sample covered on one front side by the coating is joined with the two pull bars using a suitable adhesive that can ensure sufficient strength of the joined part with respect to the coating material and to the thermal spraying procedure. Thus the individual spraying procedures determine the approximate adhesion strength of the sprayed coating. It has to be mentioned that it is better for the sake of the result quality when the adhesive cures at room temperature.
For porous coatings it is necessary to choose an adhesive with minimal penetration properties and simultaneously with adequate tensile strength. According to the preliminary research work, Loctite 9464 has been chosen as the adhesive for the EN 582 adhesion test. The joining has to be symmetrical, and the glued joint has to be loaded after curing of the adhesive in accordance with EN 10002-2. The tensile strength R is calculated as the quotient of the Journal of Thermal Spray Technology maximal load F m and of the sample cross section in the breaking area. After the rupture occurrence, the coating or the interface failure is evaluated. If adhesive failure occurred, it means that the coating adhesion is higher than the strength of the adhesive, if coating failure appears it means cohesive failure occurred, and if failure in the coating and substrate interface appear that is a sign of an adhesive failure. It can happen that the failure is a combination of the last two mentioned cases. In such a case it is an adhesive/cohesive coating failure, and the ratio of the adhesive and the cohesive failure is determined from the fracture area (Ref 16) .
One of the drawbacks of the tensile test according to EN 582, apart from its high cost and lengthiness, is that in thinner and porous coatings reliable test results cannot be obtained (Ref 2) . The reason inheres in the penetration of the adhesive through the transient pores all the way to the substrate, creating as they do a kind of composite with increased adhesion.
The results of testing according to this standard then are to a certain extent unreliable, for they change depending on the porosity content and the thickness of the sprayed coating. The results can be compared only for coatings of similar thicknesses and microstructures, which in a way nevertheless limits the value of the test.
As in this research the influence of the spray parameter upon the coating adhesion is investigated; as a result of the combination of spray parameters defined with the design of experiment, the coating microstructure and deposition efficiency have been expected to change. Because of this, new research in the aforementioned directions will be made in the future. During the preliminary research, the chosen adhesive has been tested on the sprayed sample, and the result has proved to be trustworthy as there was no penetration of the adhesive to the sprayed substrate and no composite consisting of the coating, adhesive, and substrate has been created.
There are currently more than 80 different adhesion tests (Ref 17) developed to quantify the adhesion that would be independent of the limitations (Ref [17] [18] [19] [20] that are discussed in this paper. Most of them are consuming in terms of time, cost, and equipment. Moreover, they do not fulfill the necessary requirements of accuracy, confidence, and representation of the real delamination process observed in service.
However, this objective is still far from being reached because of the aforementioned problems, and currently a new working manual for the test method according to EN 582 is in the elaboration phase (Ref 21) for the sake of raising the trustworthiness and reliability of this standard widely used in the thermal spray industry.
Experimental Work
With the objective of creating a mathematical model for the description of the influence of flame spraying parameters on the coating adhesion (that is, a mathematical model with which, depending on the input parameters of thermal spraying, the adhesion of the coating can be calculated [predicted] ), an extensive flame spraying experiment was carried out.
Screening designs were used in the early stages of research to allow more information to be obtained about the spraying process (Ref [22] [23] [24] . These studies have identified the parameters that have the greatest effect on the process and thus allowed the number of parameters under investigation to be reduced. Information is also obtained about the correct parameter range to be selected for each parameter. The results from the screening study indicate that five parameters investigated have a significant effect on the investigated response. Therefore, they are included in this research study.
After the screening experiment, it was nevertheless determined that a central-composite design with the coefficient a = 1 be used. Figure 2 shows an example of such an experiment plan for three parameters for the sake of easier visualization, and a plan with five parameters of the kind that is used in this paper in three-dimensional (3D) space cannot be represented. The coefficient a determines the difference of the points of the plan from the center, and when a = 1 it means that a face-centered central-composite design according to which the values of the parameters change at three levels (À1, 0, and 1) is obtained, with rotatability not being retained.
A design is rotatable if the variance of the predicted response at any point x depends only on the distance of x from the design center point. A design with this property can be rotated around its center point without changing the prediction variance at x. Rotatability is a desirable property for response surface designs (that is, quadratic model designs) (Ref 22) , but the adjustment is necessary and is the consequence of technical constraints of the equipment used as well as of technological constraints of the spraying procedure obtained during the preliminary research.
The design of experiment had 26 runs in order to save time and other resources, and if needed, other runs to achieve a full central-composite design plan could be easily added. For better reliability of the model, five replications in the center point were made.
After the experiments were carried out and the measurement made, with the use of the F-test, variance was analyzed; that is, the significance of the contributions of individual parameters and the reciprocal influence of factors was analyzed with the analysis of the effects. The dependence model was described with a higher-order regression equation and errors in the experimental space were analyzed, and nonlinearities in the relations were detected.
A mathematical tool called propagation of error (POE) was applied to quantify the error transmitted by way of the response surface from the variations in input factors, which were determined from the repeatability studies prior to the screening design.
In this work, a consumable in the form of a powder produced by Castolin with the commercial name Rototec 29220 was used; its technical properties are shown in Table 1 .
This is an aluminum-based powder that can be sprayed without any bond coating directly onto a prepared substrate. According to the manufacturerÕs documentation, it is meant for corrosion protection of steel in contact with fresh or salt water. It can be applied for corrosion protection in general in various atmospheres because of the effect of cathodic protection. As well as having the function of protection, it can also be applied for the repair of worn aluminum structural elements. It can be sprayed without fusing onto S 235 JR steel.
After the powder characterization, it was determined that the manufacturerÕs datasheet does not totally correspond with the real data, and the characterization was carried out with standardized sieves according to standard ASTM B 214-07 (Ref 26) .
Sieving is the most common method of separating powders into their size fractions. Sieving can be used as a diagnostic method to determine the size distribution of a powder. The sieve with the largest holes (or largest mesh opening) is placed on the top of a sieve stack. The order of the sieves in the sieve stack should follow the ASTM 214-07 specification: The mesh openings of two consecutive sieves must have a 1.414 (the square root of 2) ratio. Table 2 shows the obtained cumulative distribution of the particle size of the Rototec 29220.
The particles have a highly irregular shape (Fig. 3) , and at the same time their dimensions depart from the manufacturerÕs declaration that their sizes range between 38 and 106 lm (Ref 25). On sieving, it was determined that the particle size ranges from 71 to 150 lm.
The substrate is the general structural steel S 235 JR (Ref 27), the chemical composition of which is not guaranteed, with a limited amount of impurities. Spraying was carried out on samples (small plates) of 100 9 100 9 7 mm. The chemical composition of the substrate is given in Table 3 .
The surface preparation of the steel plates consisted of degreasing with acetone before grit blasting for the sake of reducing the penetration of grease into the surface, grit blasting and once again of degreasing with acetone as well as removing the dust accumulated on the surface in consequence of grit blasting. The selection of the preparation method was conducted on the basis of data from Ref 2-5 and the experience of the authors. The grit blasting enables an increase of the surface roughness, and this is accompanied by an activation of the surface, which has a positive effect on adhesion because of the attraction at the atomic level of the material of the coating and of the substrate (Ref 28) . Because the surface preparation is of key importance for the bonding of the particles of the powder to the substrate, the grit blasting of all the plates has to be carried out in a similar way so that differences in the preparation of the surface should be excluded as a possible source of variability.
A 125 lm thick aluminum coating requires a minimum surface roughness parameter R z of 50 lm, and a 250 lm aluminum coating requires a minimum 62.5 lm. The maximum surface roughness for thicker thermal spray coatings should not exceed approximately a third of the total average coating thickness. As a general rule, the maximum surface roughness should be 25 lm greater than the specified minimum profile depth (Ref 5) .
For the sake of achieving the desired roughness between 62.5 and 82.5 lm (Ref 2-5), trial grit blasting and spraying of the prepared surface were carried out by which the kind of abrasive and the amount and all the other impacting parameters of the surface preparation procedure were determined, which is in accordance with other studies (Ref 29, 30) .
The grit blasting produced a preparation quality of SA x, mesh size; Q(x), percentage of total mass of powder that passed during testing through sieves with 63-180 lm mesh sizes desired roughness between 62.5 and 82.5 lm. This means cleaning the steel to visually clean when viewed without magnification. The surface shall be free from visible oil, grease, and dirt and from mill scale, rust, paint coatings, and foreign matter. It shall have a uniform metallic color. According to the guidelines of the producer of the powder, the substrate should be preheated to a temperature of 200°C and be maintained between passes at a temperature between 150 and 200°C.
Preheating is used immediately before spraying the coating to eliminate moisture from the substrate surface that is a byproduct of the burning flame during spraying. It serves also for expanding the substrate in order to minimize the stresses formed in the coating/substrate system after cooling to room temperature.
However, after analysis of the available and relevant works from the area of corrosion protection with thermal spraying of aluminum coatings (Ref 2-5, 10) , and on the basis of previously conducted research studies, a preheating temperature of 120 to 140°C was adopted.
Also, during previous research studies, it was established that the required temperature range was difficult to achieve and maintain by preheating with a gas flame. The reason is the unevenness of the temperature on the surface of the working piece, which can be a significant source of variability of the tested properties of the sprayed coating. For this reason, for the purposes of this experimental work, the plates were preheated in an oven at a temperature of 120-130°C, and with the use of an electric resistance heater that was integrated into the holder, the maintenance of the temperature achieved was secured. In this manner of preheating, temperature oscillation, a source of variability, was reduced to the minimum.
Spraying Parameters
Pursuant to the analysis of the spraying parameters given by the equipment manufacturer, the technical details of the equipment and the robot used for spraying, and data on consumables, with a review of the data in the references, preliminary research was carried out in line with the knowledge acquired. This enabled the determination of ranges of the spraying parameters for this experiment. Table 4 shows the spraying parameters with upper and lower values and their standard deviations. Other influential parameters that are not manageable are kept constant throughout the course of the experiment. Table 5 shows all the combinations of parameters according to a fractional central-composite experiment plan at three levels generated by the program DesignExpert 7 (Stat-Ease, Inc., Minneapolis, MN). Table 6 shows the results of the adhesion measurements. Measurements from run No. 2 and 15 are incomplete because of technical problems that occurred during the test, and therefore they could not be considered valid.
Statistical Analysis of the Obtained Adhesion Results and the Elaboration of a Mathematical Model
By a statistical analysis of the results obtained by measuring the adhesion of the sprayed coating, the design of a mathematical model for describing the impact of spraying parameters on the adhesion of the sprayed coating was addressed, that is, of a model with which to be able, depending on the input technological parameters, to calculate (predict) the adhesion of a sprayed coating. Variance analysis showed that the dependence of the sprayed coating adhesion on the flame spraying input parameters could best be described by a reduced quadratic mathematical model. The variance analysis is shown in Table 7 .
The Model/F-value of 90.47 implies the model is significant. There is only a 0.01% chance that a Model/Fvalue of this magnitude could occur due to noise. Values of Prob > F less than 0.05 indicate that model terms are significant. In this case only A, B, C, D, E, AC, AE, BD, CE, B 2 , C 2 , and E 2 are significant model terms. All the other terms are because of their insignificance excluded from the model. Values greater than 0.1000 indicate that the model terms are not significant. The Lack of fit/Fvalue of 0.47 implies that the Lack of fit is not significant relative to the pure error. There is a 84.01% chance that a Lack of fit/F-value of this magnitude could occur due to noise. Nonsignificant lack of fit is good. Table 8 shows the values that describe the quality of the reduced quadratic mathematical model made. The R pre 2 of 0.9233 is in reasonable agreement with the R adj 2 of 0.9772. Adequate precision measures the signal-to-noise ratio. A ratio greater than 4 is desirable. The model ratio of 34.681 indicates an adequate signal. This model can be used to navigate the design space. Table 9 shows the predictions of coefficients, the degrees of freedom, the estimated standard deviation of the coefficients (standard error), upper and lower levels of intervals of trust, and the variance inflation factor for each member of the model. The variance inflation factor measures the rise in the variance of the model with the reduction of orthogonality in the experiment plan. If the member is orthogonal in relation to the other members of the model, then the variance inflation factor comes to 1, and from Table 9 it can be seen that orthogonality is not maintained among the members of the model. The normal probability plot of residuals tests out the normalcy of the measured values for individual conditions of the experiment. Figure 4 presents the normal probability plot of residuals for each individual state of the experiment. It reveals that the residuals are falling on a straight line, indicating that the errors are distributed normally. Figure 5 shows random scattering of residuals related to the order in which the experimental plan is performed. It can be concluded that there was no systematic error during performing of the experiment. Figure 6 shows the relation between real values and those calculated (predicted) from the model. It can be seen that the values correlate well; therefore it can be concluded that the quadratic model is adequate enough to describe the influence of the spraying parameters upon the coating adhesion.
The final mathematical model in terms of coded factors is expressed as:
The mathematical model with coded factors is translated into a model with actual factors according to:
where X real is the real value of the factor, " X is the arithmetic mean of the factor, X À is the lowest value, and X + is the highest value of the factor. The translated mathematical model with actual factor is: reliability and validation of the generated model. The results are shown in Table 10 , and they are a little bit dissipated. It is very important to consider the standard deviations of the input parameters (Table 4) as they influence the magnitude of the propagation of error. Again, the flame spraying technology proved to be very sensitive in relation to repeatability. Further research should be carried out in order to improve the repeatability of the spraying process. The generated mathematical model gives a calculated adhesion of 9.64 MPa in the center point of the domain. If all adhesion results from Table 10 are compared, a good correlation with the predicted result can be observed.
Analysis of the Effect of Spraying Parameters on the Adhesion of the Sprayed Coating
Perturbation plots help in the determination of the size of the influence of each individual factor at a given state of the experiment plan. The response is obtained via a change of the value of only the analyzed factor, all the others being held constant at the same time. The point of reference is the central point of the experiment plan. From the shape and slope of the response, conclusions can be drawn about the magnitude of the influence of a given factor. If the response is curved, the factor has a quadratic effect. Perturbation plots are shown in the coded values of the factor. It is essential to note that the plots presented do not show the effects of interactions of factors, but only the change in response when the value of the analyzed factor is changed but all the other factors are held constant. From Eq 1, Tables 7 and 9 , and Fig. 9 , the following can be concluded with respect to the experimental space and central point of the experiment plan:
All the parameters are significant. The greatest impact on the adhesion of the sprayed coating is exerted by parameter B (powder feed rate). The plot makes it clear that when the powder feed rate is reduced, adhesion is enlarged. Otherwise, there will be a reduction of the coating adhesion. The temperature of the flame is affected by the powder feed rate, as is the thickness of the sprayed coating. These two values probably have the most significant effect on the coating adhesion because of the change in the deformability of particles and the internal tensions of the sprayed coating after cooling.
The second biggest effect is exerted by parameter C (step between two parallel passes of the workpiece). A reduction of the step size brings about a reduction of the adhesion, and an enlargement means the adhesion strength rises. When parameter D is reduced (torch standoff distance), this leads to an increased adhesion, and with its enlargement to a reduced adhesion. Such an effect is probably the consequence of temperature and speed of the particles that depend on the distance of the workpiece from the torch.
Parameter A (speed of movement of the workpiece) works in a similar way as parameter C but with lower intensity.
Parameter E (air overpressure) has the least effect on the adhesion.
There are also influential first-order interactions. The greatest effect is made by the interaction of the step between two parallel passes of the workpiece and the overpressure of the air.
There are influential quadratic members.
Study of Robustness
The propagation of error (POE) method yields settings that minimize variation in the response. It makes the process more robust to variations in input factors. In essence, the POE method involves application of partial derivatives to locate flat areas on the response surface, preferably high plateaus. The POE technique provides more accurate results when the factors have lower stan- Figure 10 shows propagation of error of coating adhesion according to the standard deviations of the input parameters obtained during the preliminary research studies. During the calculation, the goal is to minimize the propagation of error and to maximize the coating adhesion. Figure 11 shows the maximum coating adhesion. The propagation of error (POE) method used for analyzing robustness (Fig. 10) has shown that the propagation of error changes through the experimental space and that a minimal value of 0.9707 MPa could be obtained for the parameter combination: A = 14 m/min, B = 1.077 kg/h, C = 6.66 mm, D = 172.04 mm, E = 1.56 bar. At the same time, the maximum value of coating adhesion is 22.45 MPa (Fig. 11 ).
Conclusions
With the mathematical model generated it is possible, depending on the spraying input parameters, to calculate or predict the adhesion of the sprayed coating. The produced mathematical model contributes to the understanding of the effect of spray parameters on the adhesion of the sprayed coating, and in addition, also allows for the optimization of values of the desired properties. Also, it has been shown that for the construction of the model, it was necessary to take into account all the spraying parameters. This shows that simplifications in the conduct of experiments by neglecting the ''less important'' parameters of the spraying carried out in a certain number of research works were unjustified. The coefficients of determination of the model constructed show that the model for the calculation of adhesion is of high reliability and that it accurately presents the coating adhesion dependence in the investigated experimental space upon the spray parameters.
Through perturbation plots for the mathematical model constructed, the effect of parameters on the coating adhesion in the central point of the experiment plan is described. To be able to draw conclusions concerning the effect of given parameters outside of the experiment space, outside the upper and lower boundaries of the parameter values used in this research, it is necessary to test out that specific combination of spray parameters.
According to the analysis made of the impact of spraying parameters on the measured properties of the sprayed coating, with respect to the central point of the experiment plan, it can be concluded that the greatest impact on the adhesion of the sprayed coating is exerted by the powder feed rate, then the step between two parallel passes of the workpiece, the distance of the workpiece from the nozzle of the flame gun, and the speed of movement of the workpiece, while the smallest impact comes from air overpressure.
The robustness of the model has been analyzed by the propagation of error method. It has been shown that the propagation of error changes through the experimental space and that a minimal value could be obtained for a certain parameter combination. The process robustness for this parameter combination is satisfactory. 
